The purpose of the paper was to define clinical or biological features associated with the risk for treatment failure for children with acute myeloid leukemia. Data from 560 children and adolescents with newly diagnosed acute myeloid leukemia who entered the Pediatric Oncology Group Study 8821 from June 1988 to March 1993 were analyzed by univariate and recursive partitioning methods. Children with Down syndrome or acute promyelocytic leukemia were excluded from the study. Factors examined included age, number of leukocytes, sex, FAB morphologic subtype, cytogenetic findings, and extramedullary disease at the time of diagnosis. The overall event-free survival (EFS) rate at 4 years was 32.7% (s.e. = 2.2%). Age у2 years, fewer than 50 × 10 9 /l leukocytes, and t(8;21) or inv(16), and normal chromosomes were associated with higher rates of EFS (P value = 0.003, 0.049, 0.0003, 0.031, respectively), whereas the M5 subtype of AML (P value = 0.0003) and chromosome abnormalities other than t(8;21) and inv(16) were associated with lower rates of EFS (P value = 0.0001). Recursive partitioning analysis defined three groups of patients with widely varied prognoses: female patients with t(8;21), inv(16), or a normal karyotype (n = 89) had the best prognosis (4-year EFS = 55.1%, s.e. = 5.7%); male patients with t(8;21), inv(16) or normal chromosomes (n = 106) had an intermediate prognosis (4-year EFS = 38.1%, s.e. = 5.3%); patients with chromosome abnormalities other than t(8;21) and inv(16) (n = 233) had the worst prognosis (4-year EFS = 27.0%, s.e. = 3.2%). One hundred and thirty-two patients (24%) could not be grouped because of missing cytogenetic data, mainly due to inadequate marrow samples. The results suggest that pediatric patients with acute myeloid leukemia can be categorized into three potential risk groups for prognosis and that differences in sex and chromosomal abnormalities are associated with differences in estimates of EFS. These results are tentative and must be confirmed by a large prospective clinical trial.
Introduction
Tailoring therapy by risk group has improved the overall outcomes of children with acute lymphoblastic leukemia (ALL) and is now a standard approach for treating this disorder. 1 However, treatment failure has remained high for most children with acute myeloid leukemia (AML) despite various attempts to intensify therapy. [2] [3] [4] [5] [6] [7] [8] [9] [10] Notable exceptions include children with Down syndrome (DS) who received high-dose cytarabine (HdA) early in consolidation therapy; 11 these children have long-term event-free survival (EFS) estimates of Ͼ75%. The use of all-trans-retinoic acid with chemotherapy has significantly improved the outcome of children with acute promyelocytic leukemia (APL). 12 New therapeutic strategies are needed for improving the outcomes of children who have AML but do not have DS or APL.
To facilitate the design of new therapeutic strategies, it is necessary to redefine prognostic groups for children with AML. Defining widely accepted risk groups has proved to be difficult because of the morphologic diversity, cytogenetic heterogeneity, frequent extramedullary disease (EMD), prior myelodysplastic prodrome, the different causes of AML (ie primary disease and secondary disease), and the inability to identify a subgroup with a clearly superior outcome. Nevertheless, emerging data indicate that there may be distinct cytogenetic and morphologic subgroups with vastly different outcomes. 13, 14 Studies of adults with AML have shown that the presence of t (8;21) or an inv(16) is a predictor of good outcome, presence of t(15;17) an intermediate outcome, and all other chromosomal abnormalities are predictors of a poor outcome. 13, 14 The greatest benefit of treatment with HdA is seen in patients with a t (8;21) or an inv (16) . 13 Recent studies also suggest that adult patients with a t (8;21) or an inv (16) , whose disease entered remission with the first course of induction had much better outcomes than those whose disease achieved remission after more than one course. 14 However, the data from studies of adults may not be applicable to children with AML because the distribution of specific cytogenetic subgroups is different in children than in adults. For example, AML with abnormalities of chromosomes 5 and 7 is more common in adults, and AML with 11q23 abnormalities is more common in children. Further, the occurrence of both DS and AML is unique to children. For children with AML, the presence of constitutional trisomy 21, ie DS, has emerged as the single best predictor of a good outcome.
The ability to identify additional subgroups of pediatric patients according to their risk of relapse should improve our understanding of the pharmacobiology of response to therapy and should facilitate the development of more effective therapies. In this study, we identified subgroups by using retrospective univariate and recursive partitioning analyses of data from a large cohort of pediatric patients with AML treated on Pediatric Oncology Group (POG) Study 8821.
Materials and methods

Treatment protocol
The treatment regimen and the overall results of the POG 8821 study have been published. 8 Remission induction ther-apy consisted of one course of DAT (daunorubicin, cytarabine and 6-thioguanine) followed by a high dose of cytarabine (3 g/m 2 every 12 h for six doses) (HdA). All patients then received one course of etoposide plus azacytidine (VP/AZ). Randomization was performed after treatment with HdA. Allogeneic bone marrow transplant (allo-BMT) was offered to patients who had a matched sibling donor. Those not eligible for allo-BMT were randomized to receive either intensive chemotherapy (sequential courses of D/HdA, DAT, VP/AZ, HdA, DAT, VP/AZ) or autologous bone marrow transplantation (ABMT) with 4-hydroperoxycyclophosphamide-purged marrow after a preparative regimen of busulfan (4 mg/kg/day for 4 days) and cyclophosphamide (50 mg/kg/day for 4 days).
Patients
Between June 1988 and March 1993, 666 patients less than 21 years of age with previously untreated AML entered the protocol after informed consent. Ten patients were ineligible, and seven others were not evaluable for response. Of the remaining 649 patients evaluable for treatment response, 478 (74%) had complete cytogenetic data. For the purposes of this analysis, 34 children with DS (one child with DS had a t (15;17) and 55 other cases with a t(15;17) were excluded for reasons stated above. Data from the remaining 560 eligible patients were used for the analysis; of these, the central FAB review was available in 479 (in 74 cases central laboratory did not receive slides and in seven others the slides sent were not satisfactory for review); extra medullary disease (EMD) status was unspecified in 68/560 cases; 428/560 (76%) had adequate cytogenetic analysis (diagnostic marrow/blood samples were not submitted for cytogenetics in 95 cases and in 37 others samples were unsatisfactory for a chromosome analysis).
Cytogenetic analysis and FAB classification
Whereas comparison of outcomes achieved by ABMT and intensive chemotherapy was the primary aim of POG 8821, a secondary aim was to identify prognostic factors associated with outcome. All cytogenetic studies were done in the central reference laboratories at the University of Alabama at Birmingham or St Jude Children's Research Hospital. Detailed descriptions of the cytogenetic findings are reported elsewhere. 15 Morphology, which was categorized according to the French-American-British (FAB) classification system, was centrally reviewed at the Baylor College of Medicine.
Definitions
A patient's disease was considered to be in remission if either M1 marrow (fewer than 5% blast cells) or M2a marrow (fewer than 15% blast cells) was observed after the two induction courses. Event-free survival (EFS) was calculated from the date of registration until the date of first relapse or the date of death.
Statistical analysis
The covariates in the study were age at the time of study entry (subdivided at 2.0, 5.0, 8.0, 10.0, and 12.0 years), number of leukocytes (subdivided at 10, 15, 25, and у50 × 10 9 /l), sex, FAB subtype of AML, results of cytogenetic analyses (t(8;21) or inv (16) , normal chromosomes, and other chromosomal abnormalities), presence of blast cells in the cerebrospinal fluid (CSF), and evidence of extramedullary disease (EMD) other than in the CSF. These covariates were analyzed by univariate methods and by recursive partitioning and amalgamation methods to assess their degree of association with EFS.
The partitioning and amalgamation analysis [16] [17] [18] is based on the Cox regression model 19 that includes three independent variables, an indicator for one of the binary covariate listed above and two time-dependent treatment indicators. The first treatment indicator is set to zero and becomes one when the patient undergoes ABMT; the other indicator is set to zero and becomes one when the patient undergoes allo-BMT. In this analysis, an estimate of the hazard ratio (defined as ratio of the instantaneous risks of treatment failure for two groups of patients: those with the factor and those without it) associated with each binary (yes/no) covariate is computed, and the P value for the test that this ratio differs from unity is determined. This process is repeated for each binary covariate described above. The model includes the two treatment indicators so that the estimated hazard ratios and P values are adjusted for treatment effect. If at least one of the hazard ratios differs from unity at the 0.01 level, the patient population is partitioned into two groups by the covariate with the smallest estimated hazard ratio among those covariates meeting the criterion of P Ͻ 0.01. In the next attempt, each of the two groups is analyzed individually in exactly the same way in an attempt to subdivide each group. After each partition step, the subgroups are ranked from the highest risk to the lowest risk of treatment failure and adjacent subgroups in this ranking are combined if the Cox proportional hazards are not significantly different from unity, that is P Ͼ 0.05. This procedure continues until no further partitioning can be achieved. The advantages and disadvantages of this procedure as compared with those of the stepwise Cox regression model have been discussed in Harris et al. 17 The EFS curves were determined for the final risk groups (good, intermediate, and poor) by the Kaplan-Meier method. 20 
Results
In a previous report describing POG 8821, it was shown that there was no statistically significant difference in overall survival or EFS of patients in either of the two randomized treatment groups. 8 The two treatment groups were similar with regard to FAB subtypes, age, sex, initial WBC, presence or absence of EMD, cytogenetic subgroups and the proportion of patients achieving remission after the first or second course of induction therapy.
The remission rates of the 560 patients who were evaluated for response on POG 8821 were compared by using the chisquare test (Table 1) . Four hundred and eighty or 85.7% achieved remission as defined (438 (91%) M1 and 42 (9%) M2a). The disease-free survival from date of response in M1 and M2a categories were not significantly different (two-sided P = 0.78) and therefore the two groups are analyzed together for all other response evaluations. The data suggest higher remission rates were seen for patients у2 years old (87.5%, P = 0.026), females (88.9%, P = 0.053), and patients with a t(8;21) or an inv(16) (96.5%, P = 0.002). Conversely, lower rates of remission were seen for patients with the M5 subtype of AML (78.4%, P = 0.028) and for patients with chromosomal abnormalities other than t(8;21) and inv (16) The P values were computed by the two-sided test comparing the rates of remission induction and EFS between two groups with and without the specific entry. For example, P = 0.12 when the EFS of patients with fewer than 10 × 10 9 /l leukocytes were compared with the EFS of patients with more than 10 × 10 9 /l leukocytes. The P values for remission rates were computed by exact conditional chi-square test and the P values for EFS were computed by log rank test. 0.047). Cox regression analysis (adjusted for treatment) of each univariately significant (P Ͻ 0.05) prognostic indicator for EFS showed that higher rates of EFS were univariately associated with age у2 years (P = 0.0032), fewer than 50 × 10 9 /l leukocytes (P = 0.049), a t(8;21) or an inv(16) (P = 0.0003), normal chromosomes (P = 0.031) ( Table 2) . Lower rates of EFS were associated with the M5 subtype of AML (P = 0.0003) and chromosomal abnormalities other than t(8;21) and inv(16) (P Ͻ 0.0001). These results were mostly consistent with those from the log rank tests without adjustment for treatment ( Table  1 ). The outcome in the group without the cytogenetic data Table 2 Relationship between pretreatment characteristics and EFS in 560 children with AML Leukemia was examined separately. The 4-year EFS for the 132 cases without cytogenetics was 22.3% compared to 35.3% for those with cytogenetics (P = 0.011). There were no significant differences between the two groups with regard to the frequency of various FAB subgroups, age Ͻ or у2 years, WBC at diagnosis, induction/remission deaths or post-remission treatment assignment. Thus the reasons for the observed difference in EFS are not clear. A tree diagram summarizing the results of the recursive partitioning and amalgamation analysis is shown in Figure 1 . Data from patients from whom inadequate samples were
Figure 1
Recursive partitioning and amalgamation analysis of EFS in 560 children with AML. At the top of each branching point, the branching variable is given with the P value and hazard ratio (HR). The groups, from left to right, are ranked from the highest risk to the lowest risk of treatment failure.
obtained for cytogenetic studies (n = 132) were excluded from further recursive and amalgamation analysis. Among the factors that were univariately associated with EFS and had P values Ͻ0.01, chromosomal abnormalities other than t(8;21) and inv (16) had the smallest estimated hazard ratio. Therefore, the patient sample was partitioned into two groups at the first step: group 1 (n = 233), in which patients had chromosomal abnormalities other than t(8;21) and inv (16) ; and group 2 (n = 195), in which patients had a t(8;21), an inv(16), or normal chromosomes. Among patients (n = 233) with chromosomal abnormalities other than t(8;21) and inv (16) , there was no additional significant prognostic variable. Among patients (n = 195) with a t(8;21), and inv(16), or normal chromosomes, the covariates significantly associated with higher rates of EFS were age greater than 2 years (P = 0.041), leukocytes less than 10 × 10 9 /l (P = 0.037), female sex (P = 0.0056), and negative EMD (P = 0.037) ( Table 3) . Among the four variables, only sex met the significance criterion of P Ͻ 0.01. Therefore, the group of patients with t(8;21), inv (16) , or a normal karyotype was subdivided into two groups: males and females. Partitioning at the second step yielded three groups of patients which were ranked from highest risk to lowest risk of treatment failure: patients with chromosomal abnormalities other than t(8;21) and inv (16) ; male patients with t(8;21), and inv(16), or a normal karyotype; and female patients with t(8;21), inv(16), or a normal karyotype. The first group and the second group could not be amalgamated, because P = 0.0061. No additional factors with prognostic significance were found within any of the three groups. Table 3 Relationship between pretreatment characteristics and EFS in patients with AML with normal chromosomes, t(8;21), or inv (16) Thus, the recursive partitioning and amalgamation analysis of the data could place patients into one of three different prognostic groups on the basis of risk factors for treatment failure. The group with a poor prognosis, which included patients with chromosomal abnormalities other than t(8;21) and inv (16) , had a 4-year EFS rate of 27.0% (s.e. = 3.2%) ( Figure  2 ). The group with an intermediate prognosis, which included male patients with t(8;21), inv (16) , or a normal karyotype, had a 4-year EFS rate of 38.1% (s.e. = 5.3%). The group with a good prognosis, which included female patients with t(8;21), inv (16) , or a normal karyotype, had a 4-year EFS rate of 55.1% (s.e. = 5.7%).
The distribution of patient characteristics (ie age, M5, the number of leukocytes) among the three groups was examined. The number of leukocytes was similarly distributed among the three groups. The group with the poorest prognosis tended to have more patients with the M5 subtype and more younger patients. There were 58 patients with M5 in the group with the poorest prognosis, five in the group with the intermediate prognosis, and four in the group with the better prognosis. When the data from the patients with the M5 subtype were excluded, the results of analysis with the age-adjusted Cox regression model 19 indicated that the ranks for the risk of treatment failure of the three groups were unchanged, and that the risks of treatment failure among the three groups were still significantly different. This finding suggests that the partitioning of patients into the three groups may have independent prognostic value with respect to EFS.
Figure 2
Kaplan-Meier estimates of EFS of patient subgroups. Group 1: females with normal chromosomes, t(8;21), or inv(16) (n = 89); Group 2: males with normal chromosomes, t(8;21), or inv(16) (n = 106); Group 3: patients with chromosomal abnormalities other than t(8;21) and inv(16) (n = 223).
Discussion
Several groups, including POG, have previously published the results of univariate analyses of prognostic factors in childhood AML. 4, 5, 13, 14, [21] [22] [23] These studies included children with DS and patients with APL. The Berlin-Frankfurt-Munster (BFM) group used morphology, cytogenetic evaluation, and immunophenotyping to define two risk groups. 4 The standard risk group included those with FAB M1 plus Auer rods, patients with the M2 subtype and with fewer than 20 × 10 9 /l leukocytes, and patients with the M3 subtype or the M6 subtype of AML. The group with unfavorable risk included all other patients, including those for whom late remission was achieved. In the current analysis, for reasons cited in the Introduction, we excluded patients with DS and APL. The series of pediatric patients with AML included in this analysis constitute the largest group to have undergone central FAB review and centrally performed cytogenetic studies. All children were treated with the same induction therapy. Although the postremission therapy (intensive chemotherapy, ABMT or allo-BMT) differed, the model used for the analyses of prognostic factors compensated for this difference.
This study confirms the value of cytogenetic analysis for predicting EFS. Chromosomal abnormalities other than t(8;21) and inv(16) indicated a poor prognosis, and the t(8;21) and the inv(16) indicated a better prognosis. Patients with a t (8;21) or an inv(16) had higher EFS rates than those with normal chromosomes did, but the difference was not significant. In addition, age у2 years and fewer than 50 × 10 9 /l leukocytes were favorable factors, and M5 was an adverse factor. Previous POG studies found that age less than 2 years was a predictor of good outcome, 3, 8 but in the present study, this factor was a predictor of poor outcome. This contrast in findings is in part due to the exclusion of patients with DS in this analysis. Within the subgroup of 88 cases with M5 20 (23%) had t(9;11), seven (8%) had t(11;19), 10 (10%) had other 11q23 abnormalities, 21 others (24%) had abnormal cytogenetics other than t(8;21) or inv(16), nine had normal cytogenetics and in 21 cytogenetics were not done. The outcome of various 11q23 subgroups did not differ significantly. 15 The relatively small numbers within each group and the competing risk factors of each of the post-remission treatment arms preclude meaningful speculation with regard to the lack of a better outcome in t(9;11) subgroup compared to other 11q23 variants. In this study, the 4-year EFS for M7 cases was 28% and is higher than the recent data from CCG who reported a 21% EFS in non-DS M7. 24 Among our M7 cases four had t(1,22), 11 had other abnormal cytogenetics (no t(8;21) or inv(16)); five had normal cytogenetics and 12 had no data. As in the case of subgroups of M5, the reasons for better outcome are not apparent.
The recursive partitioning and amalgamation method used for the multivariate analysis revealed three risk groups of patients. The group with a good prognosis (4-year EFS = 55.1%) included females with t(8;21), inv(16) or a normal karyotype. The group with the intermediate prognosis (4-year EFS = 38.1%) included males with t(8;21), inv(16) or a normal karyotype. The poor prognosis (4-year EFS = 27.0%) group included patients with chromosomal abnormalities other than t(8;21) and inv (16) .
The Nordic group reported that among children with AML, females had significantly higher EFS rates than did males. 21 In our study, the 4-year rate of EFS was 35.7% for females and 30.1% for males, but the difference was not statistically significant (P = 0.092). Further analysis, however, revealed that Leukemia sex was a significant prognostic factor for patients with t(8;21), inv(16), or normal chromosomes but was not a prognostic factor for patients with chromosomal abnormalities other than t(8;21) and inv (16) . The relationship between sex and chromosomal alterations needs to be confirmed and elucidated in future investigations.
The molecular/biochemical bases for the consistently superior outcome in AML with t(8;21) and inv (16) in several studies and conversely the poor outcome in 11q23 cases has not been elucidated yet. Both t(8;21) and inv(16) cause disruption of the normal AML1 gene product and core binding factor (CBF) mediated transcription of genes involved in the myeloid differentiation. 25, 26 ALL with the TEL/AML1 fusion product due to t(12;21) also has a highly favorable outcome. 27 Thus, cytogenetic events, involving the CBF pathway, while predisposing to leukemogenesis, apparently also confer a heightened sensitivity to chemotherapeutic agents analogous to the unique responsiveness of APL to ATRA, 12 and the increased sensitivity of the AML blast cells from DS children to cytarabine and daunorubicin. 28 In vitro data suggest that the AML1/ETO fusion product of t(8;21) may trap histone deacetylase (HDAC) resulting in transcriptional repression and HDAC inhibitors have been shown to cause differentiation in t(8;21) cell lines. 29, 30 Hence it is becoming increasingly clear that within AML, each of the cytogenetic subgroups may have unique pharmacogenetic alterations which are susceptible to specific targeted drug therapy. A risk group definition based on cytogenetic findings, is therefore likely to identify if a given therapeutic intervention benefits or adversely affects each of the subgroups.
Our partitioning analysis results show that the primary prognostic factors are cytogenetic events and that clinical variables have a modulating effect. Large samples are usually needed to obtain stable results by the partitioning and amalgamation method or by any other multivariate analysis. Because of the moderate sample size (n = 560) of the current study and the lack of cytogenetic evaluation in nearly a quarter of patients, these results should be considered tentative until confirmed in future clinical trials. Stratification of patients by such a risk group definition may allow better identification of subgroups that benefit from a particular intervention (eg cranial irradiation, timed intensification of induction therapy, ABMT, or biologic response modifiers).
